Both P-selectin glycoprotein ligand-1 (PSGL-1) and L-selectin are localized on the microvilli of neutrophils and have been implicated in the attachment of neutrophils to P-selectin or Eselectin. We directly compared the attachment and rolling of neutrophils on P-selectin and E-selectin under flow, with emphasis on the functions of PSGL-1 and L-selectin. Flowing neutrophils attached more avidly and rolled at lower velocities on P-selectin than on Eselectin at matched densities. Studies with purified molecules indicated that P-selectin and E-selectin bound to a related site on PSGL-1 that overlapped the epitope for the anti-PSGL-1 mAb PL1. E-selectin bound with lower affinity than P-selectin to this site and also bound to an additional site(s) on PSGL-1.PL1 abolished adhesion of neutrophils to P-selectin under shear or static conditions, whereas DREG-56, a mAb to L-selectin, had no effect on adhesion to P-selectin. PL1 inhibited attachment of neutrophils to E-selectin under flow but not static conditions. DREG-56 also inhibited attachment of flowing neutrophils to Eselectin, and a combination of DREG-56 and PL1 nearly eliminated attachment to Eselectin under flow. These data suggest that PSGL-1 functions cooperatively with L-selectin to mediate optimal attachment of flowing neutrophils to E-selectin but not to P-selectin. Neutrophils attach more efficiently and with greater strength to P-selectin, perhaps because of the higher affinity of P-selectin for the PL1-defined site on PSGL-1.
Introduction
The selectins are a group of three Ca2 -dependent lectins that mediate the initial attachment and rolling of leukocytes on the vessel wall in the presence of the shear forces found in postcapillary venules (for reviews see references 1-3). Selectin-medi-ated rolling of neutrophils is followed by juxtacrine activation of /32 integrins, which promotes stable attachment and then emigration of neutrophils into tissues at sites of acute inflammation (4) . Rolling of lymphocytes is also mediated by selectins and, under some circumstances, by a4 integrins (5) (6) (7) (8) (9) .
Each selectin has an NH2-terminal carbohydrate-recognition domain characteristic of Ca2+-dependent lectins, followed by an EGF-like domain, a series of short consensus repeats, a transmembrane domain, and a cytoplasmic tail. L-selectin, found on circulating leukocytes, binds to inducible ligands on postcapillary venules and constitutive ligands on high endothelial venules of lymph nodes. E-selectin, expressed transiently by cytokine-activated endothelial cells, binds to ligands on myeloid cells and subsets of lymphocytes. P-selectin, stored in the membranes of secretory granules in platelets and endothelial cells, is rapidly redistributed to the cell surface in response to agonists such as thrombin, histamine, and oxygen radicals, where it binds to ligands on myeloid cells and subsets of lymphocytes.
In a flowing environment, selectins must rapidly form bonds with their ligands to facilitate attachment of leukocytes and then rapidly release these bonds to allow rolling. Identification of the physiologically relevant cell surface ligands for the selectins is critical for understanding the molecular basis for leukocyte attachment and rolling under shear forces. The selectins bind weakly to sialylated, fucosylated, and, in some cases, sulfated oligosaccharides ( 10) . The prototype of these structures is sialyl Lewis x (sLeX),' a terminal tetrasaccharide attached to many glycoproteins and glycolipids on human myeloid cells. In extracts of target cells, however, selectins bind with higher affinity and/or avidity to oligosaccharides on a limited number of glycoproteins. Some of these macromolecules are sialomucins with clustered, sialylated O-linked glycans (11) (12) (13) (14) (15) . Other glycoproteins display primarily N-linked oligosaccharides (16, 17) or have carbohydrate chains that are less well characterized (18) . Neutrophil L-selectin, which displays sLex, has been proposed as a major ligand for E-and P-selectin in part because it is localized on the tips of microvilli (19). In solution E-and P-selectin do not bind detectably to L-selectin (20, 21) , although some mAbs to L-selectin inhibit rolling of neutrophils on E-or P-selectin (22) (23) (24) . A recent study reported that Lselectin is required for the initial attachment of neutrophils to E-selectin under shear forces, whereas other unidentified ligands mediate the subsequent rolling of neutrophils on E-selectin (22) .
We have developed two IgG mAbs (PLI and PL2) to P-1. Abbreviations used in this paper: CHO cells, Chinese hamster ovary cells; OSGE, O-sialoglycoprotein endopeptidase; PSGL-1, P-selectin glycoprotein ligand-l; sES, soluble E-selectin; sLeX, sialyl Lewis x selectin glycoprotein ligand-1 (PSGL-1), a sialomucin on human leukocytes that binds with high affinity/avidity to P-selectin (25) . PLI, but not PL2, abolishes binding of 1251I-PSGL-l to immobilized P-selectin, binding of fluid-phase P-selectin to leukocytes, and adhesion of neutrophils to P-selectin surfaces under both static and shear conditions. These data establish that P-selectin must form bonds with PSGL-1 in order for neutrophils to attach to and roll on P-selectin under physiologically relevant shear stresses, even though PSGL-1 is only one of many macromolecules on the neutrophil surface that display sLex. Significantly, PSGL-1, like L-selectin, is concentrated on the tips of microvilli, which may enhance its adhesive function (25) . PSGL-1 is a homodimer of two disulfide-linked subunits with relative molecular masses of 120,000. Each subunit displays at most three N-linked glycans, but many clustered, sialylated O-linked glycans, including poly-N-acetyllactosamine that carry sLex ( 1) . Although sialylation (11, 26) and fucosylation ( 12) of the O-linked glycans are required for recognition by Pselectin, the structural basis for high-affinity binding has not been defined. The ability of Fab fragments of the PLI antibody to inhibit binding of PSGL-1 to P-selectin suggests that a small region on PSGL-1 near the PLI epitope may constitute the critical recognition site. PSGL-1 also binds to E-selectin (11, 12, 16) . Whether PSGL-1 participates in the rolling of neutrophils on E-selectin under shear stresses has not been established.
Neutrophils may attach to and roll differently on P-and Eselectin if the selectins bind to different ligands on neutrophils or in a different manner to the same ligands. Indeed, Lawrence and Springer (27) reported that neutrophils attach similarly to P-and E-selectin under flow conditions, but form much stronger rolling adhesions on E-selectin than on P-selectin, as measured by lower velocities and greater resistance to detachment by increasing shear stress. A concern in interpreting these experiments is that the authors compared the rolling of neutrophils on E-selectin coated on plastic with an earlier study in which they studied the rolling of neutrophils on P-selectin incorporated into planar membranes (28) .
In this study, we directly compared the attachment and rolling of neutrophils on P-selectin and E-selectin under flow, with emphasis on the functions of L-selectin and PSGL-1. Each selectin was studied at a range of site densities when coated on plastic or expressed on the surface of Chinese hamster ovary (CHO) cells. In both formats, flowing neutrophils attached more efficiently and with greater adhesive strength to P-selectin than to E-selectin. Studies with mAbs suggested that PSGL-1 must function cooperatively with L-selectin to mediate optimal attachment of flowing neutrophils to E-selectin but not to P- (St. Louis, MO). FITC goat anti-mouse IgG/IgM F(ab')2 was purchased from Caltag Laboratories (San Francisco, CA).
Proteins. Human platelet P-selectin was purified as described previously (29) . Recombinant soluble forms of P-selectin (sPS) and Eselectin (sES) were produced and characterized as described previously (11, 30) . sES was a generous gift from Dr. David E. Lyons (Amgen, Inc., Thousand Oaks, CA).
Antibodies. The anti-human P-selectin mAbs S12, W40, GI, and G3 (all IgGj-K) were prepared and characterized as described previously (31) (32) (33) . GI and G3, but not S12 and W40, block binding of P-selectin to leukocytes (32, 34) . GI, but not S12, blocks binding of P-selectin to PSGL-l (11) . The anti-human E-selectin mAbs CL2 and CL37 (IgG1-K) were kindly provided by C. Wayne Smith (Baylor College of Medicine, Houston, TX) (35) . CL2, but not CL37, blocks binding of leukocytes to E-selectin. The anti-human L-selectin mAb (IgGj) was a gift from Takashi Kei Kishimoto (Boehringer Ingelheim Pharmaceuticals, Inc., Ridgefield, CT) (36) . The anti-human CD18 mAb IB4 (IgG2A-K) was a gift from Samuel D. Wright (The Rockefeller University, New York) (37) . FITC-Leu 8 (anti-L-selectin) and PELeu 15 (anti-CDl lb) were purchased from Becton Dickinson Immunocytometry Systems (San Jose, CA). The anti-human PSGL-1 mAbs PLI, PL2, and PL3 were prepared as described previously (25) . PLI, but not PL2, abolishes binding of 1251I-PSGL-l to P-selectin, binding of fluid-phase P-selectin to leukocytes, and adhesion of neutrophils to Pselectin CHO cells under both static and flow conditions. PL3 competes with PL2 for binding to purified PSGL-1 and does not block binding of PSGL-1 to P-selectin. The LPS levels in purified PLI and PL2 were quantified with a Limulus amebocyte lysate kit (QCL-1000 kit; BioWhittaker, Inc., Walkersville, MD) using endoxin from Escherichia coli strain 011 1:B4 as standard. At a concentration of 15 pg/ml, PLI and PL2 each contained <1 pg/ml (0.03 EU/ml) of LPS.
Monoclonal antibody production. mAbs to human E-selectin were produced using previously cited methods (38) (25) . Several dozen stably transfected clones expressing various densities of each selectin at confluence were selected as described previously (25) . A portion of the cells from each clone was frozen. In addition, 10 clones expressing Pselectin and 10 clones expressing E-selectin at various matched densities were continuously maintained for use in adhesion experiments.
Site density determinations. Site densities of P-and E-selectin on plastic and on confluent transfected CHO cells were determined using radiolabeled mAbs directed at nonoverlapping epitopes on P-selectin (G1, G3, S 12, W40) or E-selectin (CL2, CL37) as described previously (25) . In calculating the site densities on CHO cells, the surface area of the cell monolayer was assumed to be identical to Adhesion of neutrophils to P-and E-selectin underflow conditions.
Fluid shear stresses present in the microvasculature were simulated in a parallel-plate flow chamber as described previously (23, 25) . Neutrophils ( 106/ml) in HBSS/0.5% HSA were perfused through the chamber at the desired wall shear stress. Neutrophil rolling was allowed to equilibrate for 4 50 jl of mAb at a concentration of 10 jg/ml. Bound antibody was detected with FITC-conjugated goat anti-mouse IgG/IgM. Each incubation was for 30 min at 4°C in HBSS/HSA/Ca, between which the cells were washed with HBSS/ HSA/Ca. After the last wash, the cells were fixed with 1% paraformaldehyde and analyzed using a Becton-Dickinson FACScang flow cytometer. Binding of platelet-derived P-selectin to neutrophils or HL-60 cells was measured by flow cytometry as described previously ( 13, 25) .
Results
Neutrophils attach more efficiently to P-selectin than to Eselectin under flow conditions. We used a parallel-plate, dualchamber flow system to directly compare the attachment and rolling of neutrophils on P-selectin and E-selectin under physiological shear stresses. Comparable site densities of P-selectin and E-selectin were coated on plastic or expressed on the surface of transfected CHO cells. Site densities were measured before * Site densities were determined for P-and E-selectin expressed on CHO cells and for sPS and sES coated on plastic. Measurements were made using either blocking mAbs (GI and CL2) or nonblocking mAbs (S12 and CL37) to P-and E-selectin. The data represent the mean±range of duplicate determinations and are representative of at least four independent experiments in which site densities were measured with both blocking and nonblocking mAbs. Similar results were obtained when the anti-P-selectin blocking mAb G3 was used instead of GI and when the nonblocking anti-P-selectin mAb W40 was used instead of S12.
Immobilized platelet-derived P-selectin also displayed many more epitopes for nonblocking mAbs than for blocking mAbs.
each experiment to ensure that matched densities of P-selectin and E-selectin were used (see Methods). In preliminary studies, we compared site densities measured with either inhibitory or noninhibitory mAbs to P-selectin and E-selectin (Table I) . On CHO cells, similar site densities were measured using either inhibitory or noninhibitory mAbs to P-selectin qr E-selectin. On plastic, similar site densities were also measured with inhibitory or noninhibitory mAbs to E-selectin. However, P-selectin coated on plastic displayed many more epitopes for noninhibitory mAbs than for inhibitory mAbs, presumably because the latter epitopes on many P-selectin molecules are obscured by the interaction with the plastic. In all cell adhesion experiments, site densities were measured with inhibitory mAbs, since these epitopes are likely to reflect regions of the selectins that directly participate in neutrophil recognition.
In both plastic and CHO cell formats, neutrophils attached to and rolled on P-selectin and E-selectin at a range of shear stresses characteristic of postcapillary venules (Fig. 1) . More neutrophils attached to a selectin coated on plastic than to the same selectin expressed on CHO cells at matched densities. Attachment was always followed by rolling. Attachment of neutrophils was completely inhibited by buffer containing EGTA or by buffer containing an inhibitory mAb, but not a noninhibitory mAb, to the appropriate selectin (data not shown). Thus, attachment and rolling of neutrophils were dependent on the selectin, whether presented on plastic or on CHO cells.
Neutrophils attached much more efficiently to P-selectin than to E-selectin at comparable site densities (Fig. 1) . At a wall shear stress of 2 dyn/cm2, neutrophils attached avidly to P-selectin at densities as low as 10-25 sites/gm2, and the number of attached cells reached maximum at relatively low densities ( e 50 sites/gm2). In contrast, higher densities of E-selectin were required to support neutrophil attachment (Fig. 1, A and  B) . Neutrophil attachment reached a maximum at an E-selectin density of -300 sites/gm2 (data not shown). Neutrophils attached more efficiently to P-selectin than to E-selectin over a range of shear stresses (Fig. 1, C and D) . At comparable selectin densities, more neutrophils attached to P-selectin than to Eselectin on both protein-coated surfaces and on transfected CHO Neutrophil Rolling on E-Selectin and P-Selectin Wall Shear Stress (dyn/cm2) cells. At higher site densities, however, the superior attachment to P-selectin was evident only at shear stresses >2 dyn/cm2. Neutrophils roll at lower velocities on P-selectin than on E-selectin. We examined the rolling velocities of neutrophils that attached under shear forces as a measure of their adhesive strengths to P-or E-selectin. The velocities of 50 randomly selected neutrophils rolling on P-or E-selectin at comparable site densities were determined. At a selectin density of 200 sites/Mm2 and a wall shear stress of 2 dyn/cm2, virtually all neutrophils rolled very slowly on P-selectin coated on plastic (Fig. 2 A) . In contrast, neutrophils rolled with heterogeneous velocities on E-selectin, and most cells rolled at substantially higher velocities than on P-selectin. On transfected CHO cells expressing 230 sites/Mum2 of each selectin, the velocities of neutrophils rolling on P-selectin were somewhat more heterogeneous than on P-selectin coated on plastic, but the neutrophils still rolled significantly slower on P-selectin than on E-selectin (Fig. 2 B) . In both formats, rolling velocities decreased as the site densities of P-and E-selectin were increased, but the average velocity on P-selectin was always lower than on E-selectin at a given site density (data not shown). For both P-and Eselectin, there was less variation in the rolling velocities of individual neutrophils on protein-coated plastic than on transfected CHO cells.
Shear stress readily detaches neutrophils that adhered statically to P-or E-selectin expressed on CHO cells but not coated on plastic. We allowed neutrophils to settle on selectin surfaces in the absence of flow, then subjected the adherent cells to progressively increasing wall shear stresses. Upon initiation of flow, the neutrophils began to roll. The percentage of rolling cells that remained adherent as a function of wall shear stress was determined as an alternative measure of adhesive strength. Resistance to detachment increased as a function of site density for both selecting, and neutrophils tended to be more resistant to detachment when adherent to P-selectin than to E-selectin at comparable site densities (data not shown). However, the most striking finding was that neutrophils adherent to either selectin coated on plastic were resistant to detachment even at shear forces >30 dyn/cm2 (Fig. 3) . In contrast, neutrophils adherent Wall Shear Stress (dyn/cm2) Figure 3 . Neutrophils adherent to P-and E-selectin coated on plastic are more resistant to detachment by shear forces than neutrophils adherent to P-and E-selectin CHO cells. sPS or sES was immobilized at the indicated site density on 35-mm tissue culture dishes, and CHO cells expressing P-or E-selectin at the indicated site density were grown to confluence on 35-mm tissue culture dishes. Neutrophils (106/ml) in HBSS/0.5% HSA were allowed to bind to the selectin surfaces for 5 min under static conditions. Flow was initiated at 0.25 dyn/cm2 for 30 s to remove loosely adherent cells and the number of adherent cells remaining was taken to be 100% bound. Similar numbers of cells bound to immobilized sPS or sES or to P-or E-selectin CHO cells. Shear was increased every 30 s and the number of neutrophils bound to the selectin was quantified and the percent remaining was determined. The data are representative of five independent experiments.
to P-or E-selectin expressed on CHO cells detached at much lower shear stresses, with complete detachment at shear stresses of -15 dyn/cm2 at all site densities examined ( Fig. 3 and data not shown). The rolling velocities of neutrophils on selectincoated plastic reached a plateau despite further increases in shear stress, whereas the velocities of neutrophils on selectintransfected CHO cells continued to increase until they detached from the monolayer (data not shown).
The remarkable resistance to detachment of neutrophils adherent to selectin-coated plastic resembled that previously observed for /2 integrin-dependent adhesion of activated neutrophils (28) . However, the adherent cells remained round and refractile to light, suggesting that they were not activated. Fur adhesion of neutrophils to P-selectin under both static and shear conditions (25) . E-selectin binds near the P-selectin-binding site on PSGL-1, because fluid-phase E-selectin inhibits binding of '25I-PSGL-1 to immobilized P-selectin (11). However, the IC50 is -50-fold higher for fluid-phase E-selectin than for Pselectin, suggesting that E-selectin binds with lower equilibrium affinity to this site ( 1) . To determine whether PSGL-l participates in the adhesion of neutrophils to E-selectin, we first examined whether the anti-PSGL-1 mAbs affected binding of purified PSGL-1 to E-selectin. 125I-PSGL-I bound in a Ca2+-dependent manner to immobilized E-selectin (Fig. 4 A) (Fig. 4 A) . PL2 and PL3, two anti-PSGL-l mAbs that compete for the same binding site, did not inhibit binding to E-selectin and did not further block binding when used in combination with PL1 (Fig. 4 A) . Fluidphase E-selectin (20 /iM) completely inhibited binding of '25I-PSGL-1 to immobilized E-selectin (Fig. 4 B) . Fluid-phase Pselectin also inhibited binding in a concentration-dependent manner, although inhibition was still incomplete at the highest concentration tested (50 tiM). These data, coupled with previous results on the binding of PSGL-1 to immobilized P-selectin (11, 25) , indicate that PSGL-1 does not interact identically with P-selectin and E-selectin. The results suggest that both Pselectin and E-selectin bind to a site that is near the epitope for PLI, although E-selectin binds with lower affinity than P-selectin to this site (11) . A less likely possibility is that PLI indirectly alters the conformation of the recognition site for P-and E-selectin. PLl completely inhibits binding of PSGL-1 to Pselectin, suggesting that it identifies the dominant recognition site for P-selectin (25) . In contrast, PLI only partially inhibits binding of PSGL-1 to E-selectin, suggesting that PSGL-1 has one or more additional recognition sites for E-selectin. Fluidphase P-selectin binds weakly to one or more of these sites, as reflected by its ability to partially inhibit binding of '25I-PSGL-1 to immobilized E-selectin. However, these sites do not contribute measurably to binding of '25I-PSGL-l to immobilized P-selectin in the presence of PLI (25) . PSGL-J is required for optimal attachment of neutrophils to E-selectin underflow conditions but is not essential for attachment under static conditions. Although PL1 only partially inhibited binding of purified PSGL-1 to E-selectin, we wondered whether the recognition site for E-selectin identified by the antibody might contribute to the adhesion of neutrophils to E-selectin. Therefore, we examined the effects of PLI and PL2 on neutrophil attachment to E-selectin CHO cells under both static and shear conditions (Fig. 5) . Under static conditions, neither PL1 nor PL2 inhibited adhesion of neutrophils to Eselectin CHO cells (Fig. 5 A) . In contrast, PLI, but not PL2, significantly inhibited attachment of neutrophils on the same Eselectin CHO cells at a shear stress of 1.5 dyn/cm2 (Fig. 5 B) . PLl also inhibited attachment of neutrophils that were rendered metabolically inactive by chilling to 40C or treatment with NaN3 and 2-deoxyglucose (Fig. 5 B) . Monovalent Fab fragments of PLI inhibited attachment, indicating that the effects of PLI were not due to redistribution of PSGL-I by bivalent IgG (data not shown). Finally, PLI inhibited attachment and rolling of fixed neutrophils on E-selectin, suggesting that the mAb did not inhibit rolling indirectly through cell signaling (data not shown).
PLl always abolishes rolling of neutrophils on P-selectin (25 Effects ofanti-L-selectin mAb and cell activation on attachment of neutrophils to P-selectin and E-selectin under flow conditions. Previous studies have suggested that neutrophils require L-selectin to attach to E-selectin under shear forces, but not under static conditions (22) . To determine whether L-selectin functions cooperatively with PSGL-l in mediating attachment of flowing neutrophils to E-or P-selectin, we preincubated the cells with PLI, PL2, or DREG-56, a mAb to Lselectin that partially inhibits rolling of neutrophils on P-or Eselectin in some experimental systems (22) (23) (24) . As demonstrated previously (25) , PLI, but not PL2, abolished rolling of neutrophils on P-selectin (Fig. 6 ). Under these conditions, DREG-56 did not affect rolling on P-selectin. In contrast, PLI and DREG-56 each partially inhibited rolling of the same neutrophils on E-selectin, and a combination of both mAbs further inhibited rolling (Fig. 6) . When used alone, DREG-56 inhibited neutrophil rolling on E-selectin by 70.1±12.9% (mean+SD, n = 11). Flow cytometric analysis indicated that the antibodytreated cells did not shed L-selectin or increase surface expression of CDlIb, suggesting that they were not activated (data not shown). Furthermore, the cells remained round and refractile to light. Similar results were observed when the neutrophils were pretreated with the metabolic inhibitors, NaN3 and 2-deoxyglucose, or when the neutrophils were fixed before analysis (data not shown). These results suggest that L-selectin does not significantly contribute to neutrophil attachment to P-selectin under these conditions. However, L-selectin functions cooperatively with PSGL-1 to mediate attachment of flowing neutrophils to E-selectin. We next asked whether neutrophils that shed L-selectin after activation could attach to P-and E-selectin under flow. Activated cells develop asymmetric shapes that may interfere with attachment under shear forces. Therefore, some cells were treated with cytochalasin D, an inhibitor of actin polymerization, to maintain their round shapes. Because the effects of cytochalasin D are rapidly reversible, the agent was maintained in the cell suspensions for the duration of the experiments. Resting or FMLP-activated neutrophils, in the presence of cytochalasin D or control diluent, were perfused over P-or E-selectin CHO cells. Flow cytometry with mAbs to L-selectin revealed that FMLP induced shedding of 95% of the L-selectin from the cell surface, in the presence or absence of cytochalasin D. However, the binding of PLI and PL2 to activated neutrophils was unaltered, indicating that PSGL-1 remained on the cell surface (data not shown). Furthermore, flow cytometry indicated that activated neutrophils retained functional PSGL-1-dependent binding sites for platelet-derived P-selectin (data not shown). Treatment of resting neutrophils with cytochalasin D did not affect attachment to P-or E-selectin, indicating that most actin filaments are not required for attachment under flow ( Fig. 7 and reference 25) . In contrast, neutrophils activated in the presence or absence of cytochalasin D failed to attach to either selectin under shear conditions (Fig. 7) . The activationinduced shedding of L-selectin coincided with the loss of cell attachment, consistent with a requirement for L-selectin for flowing neutrophils to attach optimally to P-and E-selectin. However, DREG-56, unlike cell activation, did not inhibit attachment to P-selectin (Fig. 6) . Therefore, other activationinduced changes may also impair attachment of flowing neutrophils to selecting. PSGL-1 is essential for attachment of HL-60 cells to Pselectin and is required for optimal attachment of HL-60 cells to E-selectin underflow conditions. To further examine whether flowing myeloid cells could use PSGL-1 to attach to P-or Eselectin in the absence of L-selectin, we studied HL-60 cells. These cells lack L-selectin, but adhere to both E-and P-selectin under static conditions (32, 40) . The enzyme OSGE, which cleaves sialomucin-like proteins (41) , removes the PLI epitope but not the PL2 epitope from PSGL-1 (25) . Treatment of HL-60 cells with OSGE eliminates static adhesion to P-selectin but not to E-selectin ( 13, 42) . Fig. 8 demonstrates that HL-60 cells rolled on both P-and E-selectin CHO cells at a shear stress of 1.5 dyn/cm2, indicating that HL-60 cells do not require Lselectin to attach under shear forces. Rolling on P-selectin was completely blocked by treating the HL-60 cells with OSGE or by infusion of mAb PLI, but not PL2. These treatments also inhibited rolling on E-selectin (Fig. 8) . In multiple experiments, PLI inhibited rolling on E-selectin by 68.1±10.5% (mean+SD, n = 7). In parallel experiments, OSGE and PLl abolished static adhesion of HL-60 cells to P-selectin, but had no effect on static adhesion of HL-60 cells to E-selectin (data not shown). Thus, flowing HL-60 cells use a region of PSGL-1 recognized by PL1 and altered by OSGE to attach to P-and E-selectin in the absence of L-selectin. Under static conditions, HL-60 cells require this portion of PSGL-1 to adhere to P-selectin but not to E-selectin.
Discussion
Our results indicate that (a) flowing neutrophils attach with greater efficiency and roll at lower velocities on P-selectin than on E-selectin, (b) purified PSGL-1 interacts differently with Pselectin than with E-selectin, and (c) PSGL-1 functions cooperatively with L-selectin to mediate attachment of neutrophils to E-selectin under flow but not static conditions. At physiological hydrodynamic parameters, more neutrophils attached to P-selectin than to E-selectin at matched site Neutrophil Rolling on E-Selectin and P-Selectin densities. Neutrophils that attached under shear forces also rolled at lower velocities on P-selectin than on E-selectin. These differences were observed with selectins coated on plastic as well as with selectins expressed on transfected CHO cells. The greater attachment to P-selectin indicates that neutrophils formed more initial bonds with P-selectin than with E-selectin. The slower rolling velocities on P-selectin indicate that, after attachment, neutrophils continued to form more bonds with Pselectin than E-selectin and/or that the bonds dissociated at a slower rate.
Lawrence and Springer (27) observed previously that neutrophils adherent to E-selectin coated on plastic resisted detachment by increasing shear forces. By comparing this result with an earlier study of the rolling of neutrophils on P-selectin incorporated into planar membranes (28), they concluded that flowing neutrophils attached with similar efficiency to P-selectin and E-selectin, but rolled with greater adhesive strength on Eselectin than on P-selectin (27) . In direct comparisons, we instead found that flowing neutrophils attached more efficiently and with greater adhesive strength to P-selectin than to E-selectin. Furthermore, shear stress readily removed neutrophils adherent to both P-and E-selectin when expressed on CHO cells but not when coated on plastic. The mechanism by which plastic strengthens static adhesion of neutrophils to immobilized selectins is obscure, but is unlikely to be physiologically relevant. We therefore used selectin-expressing CHO cells for all other experiments described in this study.
We showed previously that the anti-PSGL-l mAb PLI abolishes adhesion of neutrophils to P-selectin under both static and shear conditions (25) . Thus, PSGL-1 must bind to P-selectin for neutrophils to attach to and then roll on P-selectin under flow. However, the interactions of flowing neutrophils with Eselectin are more complex. In previous competitive binding experiments with purified molecules, E-selectin appeared to bind PSGL-1 at or near the principle recognition site for Pselectin, although with lower affinity (1 1, 25 ) . The results are consistent with a model in which each subunit of PSGL-1 contains one epitope for PLI that overlaps a common recognition site for P-and E-selectin. In this study, we found that PLI only partially inhibited binding of purified PSGL-1 to immobilized E-selectin, suggesting that each subunit of PSGL-1 has one or more additional binding sites for E-selectin. The number and relative affinities of these sites are unknown. PLI substantially inhibited the attachment of flowing neutrophils to E-selectin, indicating that the PLI-defined site on PSGL-l is a major mediator of neutrophil attachment under shear stress. Flowing neutrophils may attach less efficiently to E-selectin than to P-selectin, at least in part, because of the lower affinity of the PLIdefined recognition site for E-selectin than for P-selectin. Whether this lower affinity is due to a slower on-rate and/or a faster off-rate for binding requires further study. PLl did not inhibit all attachment of flowing neutrophils to E-selectin, indicating that other recognition sites for E-selectin on PSGL-1 or on other molecules contribute to attachment under flow.
L-selectin has been proposed to mediate attachment of flowing neutrophils to both P-and E-selectin (19). Consistent with this model, mAbs to L-selectin partially inhibit rolling of neutrophils on both P-and E-selectin in some systems (19, 23, 24) . Lawrence et al. (22) reported that flowing neutrophils attached poorly to E-selectin-coated plastic if they were incubated with the anti-L-selectin mAb DREG-56 or if they shed L-selectin in response to activation. Such treatments had no effect if neutrophils first attached to E-selectin under static conditions and then were subjected to shear stress. The authors concluded that L-selectin is required for optimal attachment to E-selectin under shear conditions, but not for subsequent rolling on E-selectin. We observed that anti-PSGL-1 mAb PLI abolished attachment of flowing neutrophils to P-selectin (25) and significantly inhibited attachment to E-selectin (this study). Thus, L-selectin alone does not mediate optimal attachment of neutrophils to either P-or E-selectin under shear stress. We also found that HL-60 cells lacking L-selectin rolled on both P-and E-selectin, and rolling was inhibited by PLl. Therefore, HL-60 cells can use PSGL-l to attach to either P-or E-selectin under flow without a requirement for L-selectin. HL-60 cells roll even though flow cytometric analysis indicates that the number of PSGL-1-dependent binding sites for P-selectin is lower on HL-60 cells than on neutrophils (Moore, K. L., unpublished observations).
Unlike HL-60 cells, flowing neutrophils require the cooperative function of L-selectin and PSGL-1 to attach optimally to E-selectin. It is less clear whether flowing neutrophils use Lselectin for optimal attachment to P-selectin. In our experiments, DREG-56 consistently failed to inhibit attachment of flowing neutrophils to P-selectin, but inhibited attachment of the same neutrophils to E-selectin. A combination of PLI and DREG-56 blocked attachment of flowing neutrophils to E-selectin more effectively than either individual antibody. Upon activation with FMLP, neutrophils shed L-selectin and failed to attach under shear to either E-or P-selectin, even in the presence of cytochalasin D to maintain their round shapes. It is unknown whether the inability of the cells to attach reflects activationinduced changes other than the shedding of L-selectin. We attempted to remove L-selectin from the cell surface with chymotrypsin (19, 22), but even very low concentrations of the enzyme also eliminated the PLI and PL2 epitopes on PSGL-1 (Patel, K. D., unpublished observations).
L-selectin may augment attachment of flowing neutrophils by presenting a weak carbohydrate ligand for E-selectin (and perhaps P-selectin) (19). L-selectin may also indirectly promote neutrophil attachment to E-selectin through cis interactions with another ligand for E-selectin (22) . PSGL-l is a candidate for such a ligand. Both L-selectin and PSGL-1 are localized on the microvilli of resting neutrophils ( 19, 25, 43, 44) . PSGL-1 carries many 0-linked glycans, some of which might interact with L-selectin. L-selectin may promote clustering of PSGL-1 on microvilli, enhancing its avidity for E-selectin. DREG-56 might disrupt such clustering, impairing rapid bond formation with E-selectin under flow. It is unknown whether PSGL-1 is organized differently in the membrane of HL-60 cells, which lack L-selectin.
In the absence of flow, (27) and PLI (this study) did not inhibit adhesion of neutrophils to E-selectin, suggesting that other E-selectin-ligand interactions dominate under these conditions. It is unclear whether these are the same interactions that maintain rolling adhesions under continuous shear. Bonds might develop between E-selectin and the recognition site(s) on PSGL-1 that is unaffected by PLi. If this site(s) is essential for adhesion, it must be proximal to the sites cleaved by OSGE, since treatment of HL-60 cells with the enzyme does not affect static adhesion to E-selectin (42 and Patel, K. D., unpublished observations). Bonds might also form with other neutrophil ligands for E-selectin such as the 150-kD E-selectin ligand-1 (17, 21) . Whatever additional interactions form, neutrophils still roll with less adhesive strength on E-selectin than on Pselectin, as reflected by their higher rolling velocities on Eselectin.
The cytoskeleton may regulate some adhesive functions of selectins or their ligands. Cytochalasin treatment of L-selectintransfected cells inhibits their adhesion to endothelial cells expressing carbohydrate ligands for L-selectin (45) . In contrast, we found that neutrophils treated with cytochalasin D attached normally to both E-selectin and P-selectin under shear. These data suggest that most actin filaments are not required for Lselectin and/or PSGL-1 to mediate attachment of resting neutrophils to E-or P-selectin under flow. In other studies, however, we observed that activation of neutrophils reduced their adhesion to P-selectin even under static conditions (46) . The weakened adhesion was associated with a redistribution of PSGL-1 -dependent binding sites for P-selectin to the uropods of the cells. Both the reduced adhesion and the redistribution of binding sites were prevented when the neutrophils were pretreated with cytochalasin D (46) , suggesting that activation regulates the function of PSGL-1 through cytoskeletally dependent mechanisms.
The physiological significance of the superior attachment efficiency and adhesive strength of neutrophils rolling on Pselectin relative to E-selectin remains to be determined. We demonstrated previously that a specific recognition site for Pselectin on PSGL-1 is essential for flowing neutrophils to attach to and roll on P-selectin (25) . The current study indicates that a similar site on PSGL-1 functions cooperatively with L-selectin to mediate attachment of flowing neutrophils to E-selectin. After attachment, other binding sites for E-selectin on PSGL-1 and/ or on other molecules maintain adhesion. Differential mechanisms for attachment of neutrophils to P-and E-selectin may also allow differential signaling of the adherent cells (47) (48) (49) (50) .
